I n s t i t u t e of S t r u c t u r a l Macrokinetics, USSR Academy of Sciences 142432 Chernogolovka, Moscow Region, USSR Abstract -The s t r u c t u r e of metal combustion zone i n o x i d i z i n g atmosphere i s g r e a t l y determined by mechanism and k i n e t i c parameters of gas-phase r e a c t i o n s which g e n e r a t e t h e condensing oxide vapours. The r o l e of t h e heterogeneous r e a c t i o n s and condensation i n t h e flame s t r u c t u r e formation i s considered f o r d i f f u s i o n flames of magnesium.
INTRODUCTION

U h t i l r e c e n t l y , cornbustion of metals i n o x i d i z i n g atmospheres was of interest i n connection w i t h t h e e l a b o r a t i o n of powerful, r e l a t i v e l y comp a c t chemical sources of thermal energy. In t h i s f i e l d dozens of t h e o r et i c a l and experimental i n v e s t i g a t i o n s were c a r r i e d o u t and many complic a t e d t e c h n i c a l problems were solved. C u r r e n t l y , t h e i n t e r e s t t o combustion of metals h a s n o t i c e a b l y decreased.
However,& number of q u e s t i o n s which are v i t a l f o r understanding of these complex p r o c e s s e s remain u n c l a r i f i e d . F i r s t of a l l , it concerns t h e mechanism and k i n e t i c s of t h e chemical r e a c t i o n s i n t h e combustion zone and aggravated by t h e p r o c e s s e s of t h e condensed products formation which are c o i n c i d e n t w i t h r e a c t i o n s i n t i m e and space. The p r e s e n t paper attempts t o a n a l y s e some p r o c e s s e s occur i n t h e flames of metal vapour i n oxygen. Table 1 ) . However, seeing t h a t during t h e metal combustion the temperature r e a c h s 3000K and higher t h i s p r o c e s s may be of s i g n i f i c a n c e only f o r t h e i n i t i a l stages of i g n i t i o n . Thermal e f f e c t s of l i q u i d metals r e a c t i o n s b r i n g about t h e l i q u i d oxides formation are a l s o s u f f i c i e n t l y h i g h b u t because of a c t i o n of k i n e t i c f a c t o r s they do n o t seem a b l e t o p l a y a leading r o l e i n combustion processes. I t i s n a t u r a l t o assume t h a t during t h e combustion of metals t h e b o t h , small p a r t i c l e s and bulk samples, t h e l i m i t i n g chemical r e a c t i o n s t a k e place i n t h e g a s phase. The e x i s t a n c e of t h e d i f f u s i o n zone c l o s e t o t h e metal s u r f a c e i s proved by a number of i n v e s t i g a t i o n s ( e . g . Refs. 3-6) n o t only f o r e a s i l y evaporated magnesium b u t a l s o f o r beryllium, t i t a n ium and zirconium.
PROBLEM CHARACTERISTICS Thermochemistry In terms of thermodynamics, t h e most advantageous i s t h e s o l i d metal o x i d a t i o n t o s o l i d oxide (see
A t t h e same time, t h e d a t a of Table 1 show, f o r metals t h e i n i t i a l gas-phase r e a c t i o n s with molecular oxygen do n o t compile t h e h e a t source providing t h e i r g a s i f i c a t i o n a s observed f o r combustion of o t h e r f u e l s . Reactions of dimers a l s o are n o t a b l e t o p l a y t h i s r o l e , due e i t h e r t o t h e absence of dimers i n t h e metals vapour a t combustion temperatures (Mg,Ti,Zr) o r t o t h e i r very low c o n c e n t r a t i o n s A l ) ( R e f s . 1,7). Thus, t h e key h e a t sources i n t h e flames of metals a r e t h e condensation of t h e Kinetics and Mechanism A t combustion temperatures t h e s u p e r s a t u r a t i o n of t h e metal oxides vapour may be h i g h enough and t h e f i n a l s i z e of t h e oxide p a r t i c l e s formin i n d i f f u s i o n flame by homogeneous condensation densed phase, d i s t r i b u t e d through t h e combustion zone, makes it p o s s i b l e t o assume t h e prevalence of t h e heterogeneous r e a c t i o n s of metal atoms with adsorbed oxygen (Refs. 12-13). In s p i t e of t h e c r i t i c i s m expressed on t h i s matter ( R e f s . 14-16) t h e q u e s t i o n concerning t h e t y p e of the process dominating i n t h e metal flames s t i l l remains open.
Since t h e gas-phase r e a c t i o n s of t h e metal atoms w i t h oxygen are s u f f ic i e n t l y f a s t (see Table 2 ) t h e q u e s t i o n arises concerning t h e r a t i o of measures about 40-100 8 ( R e f s . 8-11). The developed s u r f a c e of t h e con- 
Gas-Phase Reactions
MACROKINETICS
The d e s c r i p t i o n of t h e metal vapour combustion zone can be obtained using t h e macrokinetic approach j o i n t l y t a k i n g i n t o c o n s i d e r a t i o n t h e e q u a t i o n s of chemical k i n e t i c s , d i f f u s i o n and h e a t c o n d u c t i v i t y .
Formulation of problem The c o n s t r u c t i o n of t h e complete and r i g o r o u s model of combustion which make allowance, i n p a r t i c u l a r , f o r t h e change i n t h e metal vapour flow due t o t h e heterogeneous oxide condensation on t h e s u r f a c e of d r o p l e t , c u r r e n t l y i s h a r d l y p o s s i b l e . The absence of t h e necessary d a t a on t h e s t a t e and behaviour of condensed oxides i n c o n t a c t with t h e l i q u i d metals i s r e s p o n s i b l e f o r t h i s . Besides t a k i n g i n t o account t h e s e f a c t o r s can n o t change a q u a l i t a t i v e p i c t u r e of t h e flame.
Mathematicalmodel
The whole complex of t h e p r o c e s s e s i n t h e s t u d i e d s p h e r i c a l d i f f u s i o n flame zone i s described by t h e system of dimentionl e s s e q u a t i o n s a + 37
-(P,+P$)
The following nomenclature was used i n t h i s system: P I -metal vapogr d e n s i t y , p p -molecular oxygen d e n s i t y , p 3 -oxide vapour d e n s i t y , p id e n s i t y of s a t u r a t e d oxide vapour a t 0=0, p4 -atomic oxygen d e n s i t y , pi -corresponding molecular masses.
In t h e c o n t i n u i t y equation ( 1 ) : t h e condensed phase d e n s i t y pc = J?,,dn, where N n -number of condensed particles contained n molecules of MO; gas d e n s i t y pa t h e gas-phase r e a c t i o n rate , where c -h e a t c a p a c i t y of g a s atmosphere, q jCaps RT? Vj = QJ E j a thermal e f f e c t of t h e corresponding r e a c t i o n : B -c o n s t a n t i n Sherman's e q u a t i o n .
In t h e h e a t balance equation f o r p a r t i c l e s ( 5 ) :
and Q g = 9.5, where cc -h e a t capacity of condensed phase. are being c u r r e n t l y conducted and t h e i r r e s u l t s t o be published.
QUANTITATIVE EVALUATIONS
The model f o r m u l a t e d makes it p o s s i b l e t o do some l i m i t i n g e s t i m a t i o n s of t h e rates of p r o c e s s e s i n t h e flame zone. C i t e d below are the r e s u l t s of the approximate c a l c u l a t i o n s f o r t h e d i f f u s i o n flame of magnesium a t t e m p e r a t u r e s T=1000-3000K and p r e s s u r e s P=1-10000 kPa (Ar+lO%02). F o r rough e s t i m a t i o n s t h e k i n e t i c scheme can b e s i m p l i f i e d and t e r m o l e c u l a r r e a c t i o n s ( 2 ) and ( 3 ) as w e l l as t h e condensed o x i d e v a p o r i z a t i o n ( 6 )
excluded from c o n s i d e r a t i o n .
Gas-phase reaction and condensation I t is easy t o see, the p a r a m e t e r Da i n e x p r e s s i o n (6) f o r t h e rate of gas-phase r e a c t i o n i s determined by t h e r a t i o of t h e characteristic times of d i f f u s i o n and r e a c t i o n :
Parameter M, a s s i g n e d by formula ( 9 ) LGG P(kPa) 105, K F i g . 1. R e l a t i o n of condensa-F i g . 2 . Dependence of W 5 / W 4 t i o n and gas-phase r e a c t i o n v s . 1 / T a t 1, 100 and 10000 kPa. r a t e s depending on p r e s s u r e a t 1000 and 2000 K . 
depends on t h e r a t i o of character i s t i c times of d i f f u s i o n and c o n d e n s a t i o n : Thus, t h e r a t i o of t h e s e parameters characterizes t h e r a t i o of the gasphase r e a c t i o n and t h e homogeneous c o n d e n s a t i o n rates: I t must b e n o t e d , t h i s r e l a t i o n i s independent of t h e metal flow A.
The e v a l u a t i o n of W5/W1 w a s c a r r i e d o u t f o r R,=0.05 c m and p,=3.58 g/cm3 u s i n g t h e e f f e c t i v e r a t e c o n s t a n t s f o r r e a c t i o n ( 1 ) ( R e f . 23) and d i f f us i o n c o e f f i c i e n t s Ilt and D3, c a l c u l a t e d w i t h c o l l i s i o n i n t e g r a l v a l u e s t a k e n from R e f . 24. The o b t a i n e d r e s u l t s show ( F i g . 1 and 2 1 , t h e r a t i o Wg/W4 s i g n i f i c a n t l y depends on P and T . The dependence Ws/W, v s . P i s d e f i n e d by t h e v a r i a t i o n s of t h e e f f e c t i v e r a t e c o n s t a n t c o n s i
E. KASHIRENINOV is r a t h e r s i g n i f i c a n t s i n c e from it follows t h a t i n flames t h e gas-phase r e a c t i o n i s unable t o g e n e r a t e c o n c e n t r a t i o n s over t h e e q u i l i b r i u m ones. Hence, i n cept of e q u i l i b r i u m homogeneous condensation theory p t i o n of n u c l e a t i o n and growth of MgO p a r t i c l e s . magnesium d i f f u s i o n t h e oxide vapour t h i s case t h e coni s v a l i d f o r d e s c r i -
Heterogeneous and gas-phase reactions As seen from t h e a n a l y s i s of E q s . ( 6 ) and ( 8 ) a t t h e l i m i t of low 8 where 9 determined by formula ( 1 0 ) h a s t h e meaning of t h e condensed part i c l e s s u r f a c e . I t i s obvious t h a t a t minor particles s u r f a c e (Q<<Da?/M,) gas-phase r e a c t i o n ( 1 ) is p r e v a i l e d i n t h e d i f f u s i o n flame zone. A t 9 = D a , / M c t h e rates of r e a c t i o n s (1) and ( 4 ) e q u a l i z e ( W q s W , ) and r a t h e r large s u r f a c e ( 9 > > D a l / M c ) heterogeneous r e a c t i o n ( 4 ) can dominate.
S t r i c t determination of
To estimate t h e upper l i m i t f o r W 4 / W 4 , it can be suggested that condens a t i o n occurs i n t h e medium where c o n c e n t r a t i o n of M g O ( g ) i s g r a d i e n tless and corresponds scale d e n s i t y of g a s , i . e . i s equal t o Mg(g) conc e n t r a t i o n on t h e R, boundary:
Regardless of t h e conclusions of t h e previous part it can be assumed t h a t gas-phase r e a c t i o n s u p p l i e s t h e MgO vapour w i t h a v e l o c i t y providing N3-x
constancy i n t i m e . I t i s clear t h a t such c o n d i t i o n s are l i m it i n g and maximal c o n c e n t r a t i o n of condensed p a r t i c l e s and t h e h i g h e s t rate of heterogeneous r e a c t i o n ( 1 9 ) I t w a s aseumed t h a t n i n formula ( 1 0 ) corresponds t o t y p i c a l ( R e f s . The e s t i m a t i o n shows, t h e u l t i m a t e s u p e r s a t u r a t i o n of vapour over t h e growing nucleus of condensed phase a t T>1000K can n o t exceed t h e v a l u e of S-10 and it d e c r e a s e s w i t h temperature i n c r e a s i n g . Thus, s u p e r s a t u r a - 11-4 and 14-6, r e s p e c t i v e l y .
